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A DATA* 0 
The t o p i c  of t h i s  p resen ta t i on  i s  map accuracy requirements. 
t o  r e l a t e  map accuracy requirements t o  t h e  ca r tog raph ic  p o t e n t i a l  o f  satf-11 i t e  
image data.  The o b j e c t i v e s  a r e  t o  c o n s i d e r , f i r s t ,  i f  r e s o l u t i o n  w i l l  be adequate 
f o r  t h e  i d e n t i f i c a t i o n  of c o n t r o l  and fo r  t he  comp i la t i on  o f  map products.  Then, 
second, t o  def ine map accuracy standards and t o  determine t h e  po ten t fa1  f o r  meet- 
i n g  these standards w i t h  image data f rom t h e  f i l m  camera, scanner and l i n e a r  
a r r a y  systems o f  t h e  1980s. 
I am going t o  t r y  
Cartographic prodacts f a l l  i n t o  a v a r i e t y  o f  c lasses. We have topographic maps 
t h a t  a r e  concerned w i t h  p l a n i m e t r i c  in format ion and e l e v a t i o n s  o r  he ights .  We 
have thematic maps, which might  be used f o r  geology.  vegetat ion,  water, o r  t o  
d i s p l a y  these subjects .  We have d i g i t a l  e l e v a t i o n  maps t h a t  would be produced 
from d i g i t a l  t e r r a i n  data, and f i n a l l y  we have image maps. 
app l i ca t i ons ,  we've d e a l t  p r i m a r i l y  w i t h  themat ic maps and w i t h  image maps, 2nd 
i n  the  f u t u r e  we would l i k e  t o  be a b l e  t o  develop some d i g i t a l  t e r r a i n  models 
and topographic map prodLcts. 
I n  terms o f  s a t e l l i t e  
Table 1 
EARTH SATELLITE PROGRAMS--1 980s 
SATELLITE SENSOR I FOV SWATH 
Shutt le/Spacelab (1982) F i l m  Cameras (LFC, MC) 5m* 225 km 
Landsat-D (1 982) Mec hani  ca 1 Scanner 
('TM) 30 185 
SPOT (1984) L ine  Array (HRi')** 20 60 
Stereosat ( ? )  L ine  Array** 15 61 
Mapsat ( ? )  L i n e  Array** 10 -3 j  185 
*Equivalent I F O V  
**stereo 
MOS (1985) L ine  Array (MESSR) 50 200 
-- 
kit !  w u l d  l i k e  t o  be a b l e  t o  develop an a r r a y  o f  p o i n t s  f o r  which we know 
the X ,  Y ,  and Z coord inates and then i n t e r p o l a t e  from these p o i n t s  the contours 
o r  t he  e l e i 6 t i o n s .  
p o l a t e  may be a problem here. 
s i dered . 
I might  p o i n t  o u t  t h a t  t he  accuracy w i t h  which we i n t e r -  
I n  add i t i on ,  sensor r e s o l u t i o n  must be con- 
Table 1 surmclarizes the  t e r r a i n  imaging s a t e l l i t e  programs f o r  the 1980s. 
i s  impor tant  t o  note t h e  Shutt le/Spacelab f i l m  cameras. 
have an equ iva len t  IFOV o f  about 5 m and represent  t, 2 base l i ne  aga ins t  which 
the o the r  sensor systems w i l l  have t o  be compared. 
I t  
These f i l m  cameras 
- - _- 
*Edi ted ora 1 presentat ion.  
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The conventional 1 :250,000 scale map contains contours and considerable p l a n i -  
m e t r i c  d e t a i l .  
and the vegetat ion pat terns.  This  i s  t y p i c a l  of a 1:250,000 scale map product. 
Now, I'll t a l k  about we l l -de f ined po in ts .  Ey wel l -def ined p o i n t s  I mean t h e  
i n t e r s e c t i o n  o f  roads o r  where a b r idge crosses a r i v e r ,  t h i n g s  o f  t h i s  nature.  
Wel l -def ined p o i n t s  d o n ' t  e x i s t  i n  any g r e a t  frequency i n  undeveloped areas, so 
t h i s  i s  a problem i f  we a r e  going t o  e x t r a c t  c o n t r c l  f rom maps. 
One can see the  o u t l i n e  of towns, the d i f f e r e n t  c lasses o f  roads, 
k i t h  t h e  Skylab Ear th  T e r r a i n  camera photograph we can de tec t  the  highways, t h e  
urban development, t h e  a i r f i e l d s  and so on. This i s  about the  best  r e s o l u t i o n  
data t h a t  we've had to-date and i s  representa t ive  o f  what we w i l l  ge t  w i t h  the  
S h u t t l e  cameras. How good a map can we pre- 
pare w i t h  an approximate equ iva len t  5 m IFOV? Well , we can prepare q u i t e  a good 
map as a mat te r -o f - fac t .  We can de l ineate  t h e  o u t l i n e s  o f  t h e  urban areas, we 
can show most o f  the roads, we can pick-up t h e  vegetated areas, we can o b t a i n  
q u i t e  a b i t  o f  i n f  rmation. I f  we go t o  t h e  map compiled from a RBV image of 
Landsat-3, i t  i n  no way compares t o  a 1:250,000 scale map, nor  does i t  compare 
i n  any way t o  a map which was compiled from the  Skylab photography. 
t a l k i n g  about Thematic Mapper data which may be o f  s l i g h t l y  b e t t e r  r e s o l u t i o n  
than the RBV, i t ' s  very u n l i k e l y  t h a t  we ' re  going t o  be a b l e  t o  compile maps i n  
the t r a d ~ t i o n a l  sense o f  t h e  word. 
This  i s  our  basel ine in fo rmat ion .  
So if we're 
Now, what are U.S. Nat ional  Map Accuracy Standards (NMAS, Table Z)? F i r s t  of 
a l l  we can d i v i d e  them i n t o  h o r i z o n t a l  and v e r t i c a l  accuracy standards. For 
hor izon ta l  accuracy, t h e  U.S. standards say t h a t  90% o f  wel l -def ined p o i n t s  
should be ? l o t t e d  a t  the map sca le  t o  w i t h i n  + 0.5 mm o f  t h e  c o r r e c t  p o s i t i o n .  
cor  example, i f  we have a map sca le  o f  1:100,~00, the  br idges, road i n t e r s e c t i o n s ,  
and so on, m d s t  be c o r r e c t  t o  + 0.5 mn on the  map. 
the  p o i n t s  m i l s t  be w i t h i n  + 0.3 m on the map and + 50 m on the grcund. For 
spot he'ghts, 90% o f  the e leva t ions  t h a t  a re  d e t e 6 i n e d  from contours s h a l l  be 
c o r r e c t  t o  w i t h i n  cne-hal f  the  contour i n t e r v a l .  Thus, if we have a contour 
i n t e r v a l  o f  100 m, n i n e t y  percent o f  the  i n t e r p o l a t e d  e leva t ions  should be 
c o r r e c t  t o  w i t h i n  - + 50 m. 
Thus, we can say t h a t  90% of 
Table 2 
U.S. NATIONAL PI4P ACCURACY STANDARDS 
A. HORIZONTAL - 90% OF WELL-DEFINED POINTS SHALL BE PLOTTED (AT THE MAP 
SCALE) TO k'iTHIN - + 0.5 mn OF THEIR CORRECT POSITION, e.g., 
PAP SCALE = 1 : 100,000 
- + 0.5 mn AT MAF SCALE = - + 50 m ON GROUND 
THUS, 90% OF POINTS MUST BE WITHIN - + 0.5 mn ON THE MAF AND - + 50 m ON i H E  
(;ROUND. 
6. VERTICAL - 90% OF THE ELEVATIQNS DETERMINED FROM CONTOURS SHALL BE CORRECT 
TO WITHIh 1/2 THE CONTOUR INTERVAL (C.I.),  e.g., 
C . I .  = 100 rn 
THUS, 90% OF ELEVATIONS REFEP.ENCED TO CONTOURS SHALL BE CORRECT TO WITHIN 
+ 50 m. - 
216 
I n  terms o f  h o r i z o n t a l  accurdcy now, l e t  us i n t roduce  r o o t  mean square e r r o r  
(RMSE). By RMSE we mean t h a t  58% o f  t h e  p o i n t s  t e s t e d  l i e  w i t h i n  the  spec i f i ed  
d i s tance  from the c o r r e c t  g r i d  coord inates (F igu re  1 ) .  
RMSE i s  + 15 m, 68% o f  t h e  p o i n t s  tes ted  l i e  w i t h i n  + 15 m of t h e  c o r r e c t  loca-  
t i o n .  For t h e  90% cortt idence l e v e l  spec i f i ed  by NMAs, we must m u l t i p l y  15 m 
by 1.65 which y i e l d s  + 25 m. Next, we wapt t o  determine t h e  l a r g e s t  sca le  map 
(which i s  r e a l l y  what-we want t o  know) t h a t  can be compiled from these data 
and s t i l l  meet NMAS. As Figure 1 notes, t h e  l a r g e s t  sca le  map compat ib le w i t h  
h o r i z o n t a l  e r r o r s  o f  - + 25 m a t  t h e  90% l e v e l  o f  c m f i d e n c e  i s  1:50,000. 
F igu re  2 reviews v e r t i c a l  accuracy ( Z ) .  I f  t h e  RMSEZ i s  + 15 m,ti;at means 
68% a r e  t o  be w i t h i n  t h a t  value. b u t  NMAS s t a t e  t h a t  9 0 % o f  i n t e r p o l a t e d  Z-va:ues 
must be c o r r e c t  t o  w i t h i n  one-hal f  t h e  contour i n t e r v a l .  
c l o s e s t  contour i n t e r v a l  which w i l l  meet NMAS i s  3.3 t imes t h e  RMSEz, o r  50 m 
i n  t h i s  instance. 
e l e v a t i o n s  a r e  t h e  problem, n o t  t h e  p l a n i m e t r i c  p o s i t i o n s .  
For example, if t h e  
So s t a t i s t i c a l l y ,  t he  
From t h i s  d iscuss ion we can make t h e  general obse rva t i on  t h a t  
F igu re  3a notes areas c f  t h e  wor ld  w i t h  poor map coverage, and i t  i s  p r e c i s e l y  
these areas where s a t e l l i t e  data a r e  going t o  be most usefu l .  These a r e  a l s o  
areas t h a t  have poor c o n t r o l  nets. 
F igure 3b i n d i c a t e s  the  standard contour i n t e r v a l s  assoc iated :;i t h  maps around 
t h e  world. The 
contour i n t e r v a l s  found on 1:100,000 sca le  maps range from 20 t o  50 m and those 
on 1:250,000 maps from 50 t o  100 m. 
topographic maps a t  these scales, you have g o t  t o  be a b l e  t o  meet t h e  accuracy 
standards fo r  e leva t i ons .  For example, w i t h  a 1 :100,000 sca le  map. p l a n i m e t r f c  
accuracy requii-ements mean + 50 m a t  93% o r  - + 30 m RMSE. A 50 m contour  i n t e r -  
v a l  r e q u i r e s  an R M S E ~  o f  - + 1 5  m. 
The o the r  sub jec t  which we have t o  consider i s  qi-ound c o n t r o l  and I ' d  l i k e  t o  
make these p o i n t s .  F i r s t ,  ground c o n t r o l  i s  normal ly  requ i red  t o  e s t a b l i s h  
the  e x t e r i o r  o r i e n t a t i o n  o f  t he  sensor system. Second, ground ccjntrol  w i l l  
c o n s i s t  o f  w e l l - d e f i n e d p o i n t s  w i t h i n  t h e  image data s e t  f o r  which t h e  X ,  Y,  Z 
t e r r a i n  coord inates a r e  known. Third, most ground c o n t r o l  t o  be used t o  
r e c t i f y  s a t e l l i t e  image data w i l l  be obtained from e x i s t i n g  topographic map 
bases. 
3 ) .  Fourth, i n  the absence of ground c o n t r o l  t h e r e  must be an ex te rna l  means 
of  e s t a b l i s h i n g  t h e  X ,  Y, Z coord inates o f  t he  spacecraf t  o r  sensor system: 
o r i e n t a t i o n  data from a s t a r  t r a c k e r  and p o s i t i o n  and t ime from the  N4VSTAR 
GPS. 
poor c o n t r o l ,  t he  ex te rna l  means o f  detc  ,nining spacec ra f t  p o s i t i o n ,  sensor 
d t t i t u d e  and t ime a r e  extremely impor tant .  
The 1:50,000 scale maps normal ly  have a 2G m contour i n t e r v a l .  
I f  you a re  going t o  t a l k  about compi l ing 
Thus, t he  accuracy o f  t h e  source maps may be an impor tant  f a c t o r  (Table 
e.g., 
As s a t e l l i t e  data a re  l i k e l y  t o  prove most u s e f u l  f o r  mapping areas w i t h  
Table 3 
ACCURACY OF GRO!JND CONTROL PO!NTS OBTAINED 
FROM MAPS MEETING NMAS 
SCALE OF MAP 
1 : 250,000 
1 :2co,ooo 
1 : 100,000 
1 : 50,OOO 
1 :25,000 
HORIZONTAL sMSE CONTOUP INTERVAL - -  (L. I ./3.3-C.! . / 2 )  
75  m 
60 
30 













Future sensors w i l l  etFploy MLA technology i n  which a l i n e  a r r a y  i s  pushed over  
the e a r t h  and the re  ;s a t ime element invo lved.  
e n t i r e  frame a t  one i n s t a n t  i n  t ime. You a re  reco rd ing  one l i n e  o f  data a t  a 
t ime. There a re  several  sources o f  errc i r  w i t h  MLAs.  We have p o i n t i n g ,  a t t i -  
tude s t a b i l i t y ,  s a t e l l i t e  v e l o c i t y ,  measurement p r e c i s i o n  and accura'.y, r e l i a -  
b i l  i'ty o f  ground c o n t r o l ,  e a r t h  cu rva tu re  r e f r a c t i o n ,  processing equipment, 
adjustment procedures, and r e 1  i e f  displaceiirent. 
You a re  n o t  reco rd ing  the  
P o i n t i n g  and a t t i t u d e  c o n t r o l  a r e  a major problem. 
r e q u i r e  s tereo coverage, and p o s t  o f  t h e  s tereo systems such as Mapsat o r  
Stereosat a r e  going t o  t ake  coverage w i t h  a forward- look ing camera and w i t h  
an a f t - l o o k i n g  camera. 
coverage i s  OR t h e  o rde r  o f  90 t o  100 seconds (B/H = 1 . a ) .  Dur ing t h a t  9')- 
t o  100-second per iod,  t h e  a t t i t u d e  of t he  spacecraf t  has t o  be very s t a b l e .  
If one a s s m e s  f o r  t h e  nloment t h a t  we have a combined e r r o r  due t o  p o i n t i n g  
e r r o r s  and a t t f t a a e  e r r o r s  on t h e  o rde r  o f  f i v e  seconds o f  arc ,  t h e  e r r o r  i n  
X,Y i s  -+ 10 m and t h e  Z e r r o r  i s  going t o  be about + 20 m. The e l e v a t i o n  
component i s  t he  c r i t i c a l  aspect, and a t t i  tude c o n t r o l  i s  a b s o l u t e l y  e s s e n t i a l .  
If we a r e  going t o  maD we 
The t ime i n t e r v a l  between t h e  f o r e -  afid the  a f t - l o o k i n g  
A hypo the t i ca l  combination o f  e r r o r s  i b  reviewed i n  F igure 4 .  
t i o n  t h a t  sensor a t t i t u d e  i s  maintained t o  f i v e  seconds o f  arc,  t h e  e r r o r s  i n  
X,Y and i n  Z a re  about + 10 m and + 20 m r e s p e c t i v e l y .  L e t ' s  a l s o  assume we 
hdve a measurement or  c o r r e l a t i o n  e r r o r  equ iva len t  t o  a h a l f  o f  a p i x e l .  
about + 8 m. Add i t i ona l  miscel laneous e r r o r s  may equal another + 10 m. If we 
combine these e r r o r s  by t a k i n g  the  square r o o t  o f  t he  sum o f  the-squares, we 
ob ta fn  -+ 15 t o  + 20 rn f o r  p l a n i r e t r y ,  and about -+ 25 m f o r  spot  he ights .  The 
largest-scale map t h a t  we can reproduce froin sgc6 data, working i n  even i n c r e -  
nients, c m e s  o u t  t o  about 1:100,000 scale and t h e  contour  i n t e r v a l  t h a t  meets 
NMAS i s  on t h e  o rde r  o f  100 m. 
Given t h e  assump- 
Tha t ' s  
I n  cc i ic ius ion then, I t h i n k  t h a t  we can say t h a t ,  f i r s t  o f  a l l ,  f o r  topographic 
mapping a t  sca les o f  1:100,000 and la rge r ,  an IFOV of 10 m o r  l e s s  w i l l  be 
requi red,  as w i l l  qeometric accurac ies o f  -+ 20 m o r  b e t t e r .  Secondly, t he  film 
cameras t o  be employed on t h e  s h u t t l e  misslons w i l l  p rov ide  base l i ne  data 
aga ins t  which the scanner, l i n e  w r a y  and radar  systems can be evaluated. Third,  
automated napping w i l l  r e q u i r e  e r r o r - f r e e  image data.  Thus, i n  my oDinion, i t  
appears reasonable t o  emphasize s a t e l l i t e  p o s i t i o n i n a  and a t t i t u d e  c o n t r o l  r a t h e r  
than t o  r e l y  s o l e l y  on the  a v a i l a b i l i t y  o f  dense ground c o n t r o l  and on c o s t l y  
image processing techniques t o  c rea te  r e c t i f i e d  image data sets.  F i n a l l y ,  sate- 
11 i t e  systems which prov ide data meeting r i g o r o u s  tonographic mapping r e q u i r e -  
ments w i l l  a l s o  s a t i s f y  the accuracy requirenients f o r  themat ic mapping. 
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ROOT MEAN SQUARE ERROR (RMSE) -68% OF POIMTS TESTED L I E  WITHIN THE 'ECIFIED 
DISTANCE W I T H  REFERENCE TO THE CORRECT GRID COORDINATES, e.g., 
WSE = + 15 m - 
THUS 68% OF THE POINTS TESTED L I E  WITHIN - + 15 m OF THL CORRECT LOCATION. 
FOR A 90% CONFIDENCE LEVEL AS SPECIFIED BY NMAS, I T  IS NECESSARY TO MllLTIPLY 
THE RMSE BY 1.65, e.g . ,  
+ 15 in x 1.65 = t 25 m 
THUS, THE LARGEST SCALE MAP WHICH CAN BE COMPILED AND STILL MEET NMAS IS: 
RMSE x 1.65  
0.5 MAP SCALE FACTOR = 
= 50,000 
FIGURE 1. HORIZONTAL ACCURACY (X,Y) 
e.g.  RMSEZ = 2 15 rn (68%) 
NMAS STATE - 90% OF ELEVATIONS TO -- + 1 / 2  C . I .  
STATISTICALLY, 
C.I .  
NMAS = 3 . 3  x RMSEZ 
= 3 . 3  x 15 
= 50 rn 
THUS, THE CLOSEST C. I .  WHICH CAN BE COMPILED TO MEET NMAS IS 50 m 
FIGURE 2 .  VERTICAL ACCURACY 
219 
Figure 3a. The shaded areas represent countries o r  regions with 50 percent or 
l e s s  o f  their  area mapped a t  1:100,000 scale  or larger i n  1976 
(United Nations, 1975). 
2) 1:100,000 On0 1:1268000 I 






Figure 3b. Histograms o f  contour intervals fo r  topographic maps a t  scales  of 
1:50,000, 1:100,000, and 1:250,000 (United Fiations, 1976). 
-LO 
SEF'SOR ATTITUDE - - + 10 m IF( X ,  Y 
(e .g .  5 Gc) 2 20 rn i n  z 
MEASUREffEFT ERROR - - + 1/2 PIXEL (e-g.  + 8 m) i n  X ,  Y, Z 
MIsCELLANEOUS ERRORS - + 10 m IN X ,  Y ,  2 




= - + 2 5 m  
= \1102 + 8? + lo2 
2 + 15 - 20 m - 
HAPPING CONS1 OERATIOYS 
- 20 X 1.65 
0.5 NAP SCALL FACTORX, y 
= 33 (OOO] 
3.5 
= 66,CQO = 100,000 
NMAS = 3 . 3  X 25 c. 1. 
= 83 = 100 E 
FIGURE 4 .  COMBINATION OF ERRORS (Based on ti = 806 km, I F O V  = 15 m) 
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